Understanding the oxidation and reduction mechanisms of catalytically active transition metal nanoparticles is important to improve their application in a variety of chemical processes. In nanocatalysis the nanoparticles can undergo oxidation or reduction in situ, and thus the redox species are not what are observed before and after reactions. We have used the novel environmental scanning transmission electron microscope (ESTEM) with 0.1 nm resolution in systematic studies of complex dynamic oxidation and reduction mechanisms of copper nanoparticles. The oxidation of copper has previously been reported to be dependent on its crystallography and its interaction with the substrate. By following the dynamic oxidation process in situ in real time with high-angle annular dark-field imaging in the ESTEM, we use conditions ideal to track the oxidation front as it progresses across a copper nanoparticle by following the changes in the atomic number (z) contrast with time. The oxidation occurs via the nucleation of the oxide phase (Cu2O) from one area of the nanoparticle which then progresses unidirectionally across the particle, with the Cu-to-Cu2O interface having a relationship of Cu{111}//Cu2O{111}. The oxidation kinetics are related to the temperature and oxygen pressure. When the process is reversed in hydrogen, the reduction process is observed to be similar to the oxidation, with the same crystallographic relationship between the two phases. The dynamic observations provide unique insights into redox mechanisms which are important to understanding and controlling the oxidation and reduction of copper-based nanoparticles.
 INTRODUCTION
A fundamental understanding of the oxidation and reduction mechanisms of metals is of critical importance to improving catalytic performance, corrosion control, and other industrial applications. 1 Copper is a particularly important material, as it is used in its metallic and oxidized forms for applications in electronics, 2,3 sensors, 4 and catalysis. 5 Copper is used commercially for methanol synthesis as part of the copper, alumina, and zinc oxide catalytic system. 6−8 For nanocatalysis, the catalytic processes are affected by the surface facets 8 and oxidation state, 5 and therefore it is important to understand how these change during the catalytic process. 9,10 In situ techniques allow us to gain insights into how a material behaves in reactive environments. Literature reports show that copper and its oxides undergo reduction, 11,12 oxidation, 6,13 and alloying over the course of catalytic reactions. 7 Understanding this behavior is of particular interest for preparing and stabilizing specific phases of copper.
In situ studies of Cu have focused on the oxidation of thin films. 1,14−19 The in situ transmission electron microscopy (TEM) studies have used conventional phase contrast TEM, mostly relying on dark-field imaging, electron diffraction, or high-resolution TEM to study the phase change from Cu to Cu2O. 17−20 In thin films of Cu, the oxide was reported to nucleate on the films and then propagate along the Cu surface from a nucleation event until it reaches its maximum lateral size. 19 After this, the oxidation progresses to form Cu2O islands on the Cu film. 17, 18, 20 The Cu 2 O islands are seen to grow from each nucleation point and are crystallographically related to the underlying Cu, 1,20,21 with a further oxidation to CuO often seen ex situ with additional time 1,22,23 or temperature. 1, 24 For Cu nanoparticles, the majority of reports show the eventual formation of hollow oxide nanoparticles via the Kirkendall effect. 22, 25 The difference in the oxidation mechanisms between copper thin films and nanoparticles has not been fully explored, due in part to the difficulties in resolving the initial nucleation of oxide phases in nanoparticle species via regular in situ TEM techniques, as they generally need high-resolution imaging or information from scattering contrast.
In the present study, we introduce high-angle annular darkfield environmental scanning transmission electron microscopy (HAADF-ESTEM) to analyze the nucleation and propagation of the oxide through differences in atomic number (Z) contrast under reaction conditions. Dynamic in situ electron microscopy techniques have traditionally been carried out with TEM imaging in an environmental cell (ETEM), 26−29 but this limits the applicability of scanning transmission electron microscopy (STEM). 26, 27 Recently, microelectromechanical systems (MEMS) have been incorporated into specialized holders for temperature control without drift, 30,31 as well as to support gas 32 and liquid environments. 33 In the gas cell holders, the gas is normally contained between two silicon nitride windows of ∼50 nm thickness, and they can reach pressures of 1 atm under static gas conditions or with low flow rates. 33 In the present work, we have used the novel environmental scanning transmission electron microscope (ESTEM), 34 which introduces gas directly into the column of a reconfigured microscope with a series of beamline differential pumping apertures. 35, 36 The use of open differential apertures removes the need for gas-containing windows in the holder, and the ESTEM supports the full range of STEM functions, including high-sensitivity energy-dispersive X-ray spectroscopy (EDS) and single atom imaging. These advances allow for HAADF-STEM imaging of nanoparticles and even single atoms to be acquired under a subset of realistic conditions in gas and at temperature over the course of hours.
In this article, we report the oxidation of Cu and the reduction of Cu 2 O in situ using the environmental HAADF-STEM. In HAADF-ESTEM, the image intensity is approximately proportional to Z 2 and density, allowing the metal and its oxide to be readily distinguished, as seen in the Cu/Cu2O images in this paper and unlike in TEM. The oxidation and reduction processes are seen to be unidirectional, nucleating from a single area on the Cu or Cu 2 O nanoparticle surfaces and then spreading across the particle. 35 were employed to understand the maximum electron beam dose that could be applied to the system before damage occurred. The particles here were only exposed to the beam during data setup and acquisition, with 30 and 20.4 s exposures, respectively, for each image frame. The images were 1024×1024, with a pixel dwell time of 19.5 μs. For the in situ studies, the gas was introduced into the ESTEM with an inlet pressure 100 times higher than the specimen pressure (typically 200 Pa, giving a pressure of 2 Pa at the sample). High-purity oxygen gas (99.999% from BOC UK) was used for the oxidation and hydrogen gas (99.9995% from BOC UK) for the reduction.
Simulations. The interface model was made using VESTA 38 by combining Cu and Cu2O models into a single supercell. This model is a combination of two slabs, each with a (110) surface in the c axis.
Both slabs were kept to the same thickness of approximately 10 nm: 39 unit cells for the Cu, and 33 unit cells of Cu2O, with the extra atoms in the Cu slab trimmed to keep the thicknesses identical. The supercell was simulated using QSTEM 39 with the following parameters which best match the microscope: C s = 1 μm; convergence angle = 24 mrad;
and HAADF detector range, 110−170 mrad. A total of 100×100 pixel array points were used, with a 200×200 probe array and a maximum scattering angle of 209 mrad. The focus was set to the top plane of the model. A total of 30 frozen phonon iterations were performed to take into account thermal diffuse scattering. The images presented use a source size of 1 Å and are oversampled by 10 times for presentation purposes.
 RESULTS AND DISCUSSION
The oxidation of copper was carried out at 300 °C with 2 Pa oxygen flowing onto the surface of the sample. An image was generally acquired every 10 min, with some noted exceptions, and the electron beam was blanked between exposures. In Figure 1 , the oxidation front can be readily followed in situ by the change in Z-contrast that the oxidation causes, as the lattice expansion in three-dimensions accompanied by the lighter element oxygen causes a reduction in electron scattering intensity per unit area, and the oxidized area will be seen as having a substantially reduced HAADF image intensity. The darker area of each particle is the oxidized copper, and the brighter part is metallic copper. The darker oxidized area nucleates from one edge of the nanoparticle and moves across each particle until, after 100 min, the particles are seen to be a single phase again. In each particle, only a single oxide nucleation event is seen, and the oxidation occurs from an initial nucleation point independent of nanoparticle size (Figure 1 ), as seen in all the particles observed (from 100 particles of ∼6 to ∼80 nm in size). The oxidation mechanism is indistinguishable on carbon and silicon nitride supports ( Figure S1 ). From electron diffraction studies, the initial transition is observed to be from face-centered cubic (fcc) Cu to fcc Cu 2 O ( Figure S2 ). The particles increased in size during the oxidation by ∼18% (from 100 particles), which, for a constant number of Cu atoms, is in agreement with the lattice expansion between Cu and Cu2O. Cu and Cu2O have lattice parameters of 3.6148 and 4.2685 Å, respectively. EDS confirms the presence of oxygen in the dark side of the nanoparticles and not in the bright side ( Figure S3 ).
The interface between the Cu and the Cu2O is observed to change with time, as measured from 10 particles in situ ( Figure   S4 ). After 20 min in 2 Pa oxygen at 300 °C, the interfaces are either flat or have an angle of 14 ± 4° into the Cu, with the Cu 2 O forming from a single side of the Cu, as noted by the white arrow in Figure 1 . By 30 min, when approximately half of the particle has been oxidized, the Cu has an interface angle of 42 ± 10° into the Cu2O phase, as indicated by the arrow in Figure 1 . On some nanoparticles, the Cu/Cu2O interface is terminated by separation (or de-wetting, Figure S4 ) of the two phases. This is shown in Figure 1 , in which a wetting angle of 143° is observed after 30 min (indicated by the white arrow). At 60 min the angle is unchanged as the oxidation continues to move across the particle (Figure 1 ). At 80 min, just before full oxidation, the angle increases to 66° ± 13° (Figure 1 ). These changes would be difficult to detect in the TEM with phase contrast imaging, and the small differences in crystallography between Cu and Cu 2 O. It should be noted that, due to STEM being a 2-D projection of a 3-D space, it is difficult to tell the exact angular representation with time.
At 500 °C, the particles were seen to undergo the same oxidation mechanism at an increased oxidation rate ( Figure 2) . The nanoparticle oxidized in Figure 2 is shown to have the oxidation front move perpendicular to the viewing direction, and thus the angle can be accurately analyzed. The interfaces were seen to move across the particles as the oxide formed, until the particles were a single phase of Cu 2 O (blue arrow in Figure 2 ). The oxide that was formed showed a roughening in surface structure as the particles lost their distinctive faceting (Figure 2, 33−40 min). The interface became curved at 35 min, with an angle of 4°, and at 40 min the angle on one side of the Cu changed to 83° (indicated by the white arrow) as the Cu 2 O oxidized around the Cu (Figure 2 ). It should also be noted that, at 500 °C, the images were taken every 2.5 min to follow the reaction and that, with the increased dose during acquisition, beam effects become evident, with sintering and moving of the nanoparticle during the imaging process. This is particularly noticeable with the migration of the smaller particle into the imaging frame that appears after 30 min and the rotation of the imaged particle.
A similar oxidation process also occurred when the reduced copper nanoparticles were placed ex situ in a desiccator for a
week at room temperature. The particles showed the same two phases as seen in situ; however, they also showed a degree of hollowing between the Cu and Cu 2 O ( Figure S5 ). This oxidation mechanism is also similar to literature reports of the synthesis of Cu/Cu2O semishell nanoparticles. 40 The oxidation procedure was seen to be pressure dependent. At higher pressures (up to 10 Pa pressure at the sample), the reaction was seen to occur much quicker, within 5 min. The nucleation and oxidation mechanism was, however, unchanged with pressure, with the oxidation occurring from one area on the nanoparticle and the oxide front moving unidirectionally across the nanoparticle ( Figure S6 ). In this pressure range, the reaction kinetics increased with temperature and pressure, and the process had an exponential relationship between the gas pressure (a linear relationship with reciprocal pressure) and the oxidation rate ( Figure S6 ). The higher pressure reaction also showed that, at longer oxidation times, the particles hollowed and voids formed ( Figure S7 ). The hollowing was similar to previous reports of the oxidation of Cu. 22, 41 The fully oxidized nanoparticles from Figure 1 were then studied during their reduction by replacing the oxygen atmosphere with 2 Pa of hydrogen. The reduction occurred in a similar way to the oxidation, with the reduced phase nucleating at the surface of the oxidized phase and moving across the nanoparticle (Figure 3 ). The Cu formed as a Journal of the American Chemical Society Article Figure 3 . In situ reduction of Cu2O in 2 Pa hydrogen over the course of 335 min. In the lower right-hand corner, the temperature profile of the reaction is shown.
protruding island off the nanoparticle, with a de-wetting angle ( Figure S4 ) of 144° from the Cu2O surface and an interface length of ∼15 nm, measured from the particle indicated with the white arrow in Figure 3 . As the temperature was increased, the size of the interface between the two phases became larger and the protrusion lessened, with the interfacial area expanding to ∼25 nm as the temperature was increased to 400 °C ( Figure   3 ) and the reduction occurred. As the temperature reached 500 °C, the nanoparticle had a larger interface as the reduction went to completion and the de-wetting of the Cu on the Cu2O disappeared.
The reduction experiments were also carried out at 400 and 500 °C (Figures 4, S8, and S9) . At 400 and 500 °C, the nanoparticles had a reduction mechanism with very similar behavior to the oxidation, and there was a single interface Figure 4 . In situ reduction of Cu2O in 2 Pa hydrogen at 400 °C in the left column and at 500 °C in the right column between the two phases. The appearance of de-wetting between the Cu areas to the Cu 2 O of 147 ± 20° at 400 °C and 164 ± 12° at 500 °C, was measured in the early stages of reduction from 10 particles in each experiment. The reduction was also seen to occur in a similar fashion from hollowed nanoparticles, with the Cu nucleating on one side and the reduction moving across the particle as the Cu phase formed ( Figure S10 ). Electron diffraction studies showed that the process was the reduction of Cu2O to Cu ( Figure S11 ). From these results, it is shown that the reduction rate is dependent on temperature. It should be noted that there is no memory effect, in that the nucleation sites during oxidation and reduction are not related to each other in subsequent cycles ( Figure S12 ).
To probe further the interface between the Cu and Cu 2 O, high-resolution images from different stages of the reaction were analyzed. The high-resolution dynamic HAADF-ESTEM image in Figure 5A shows lattice spacings of the nanoparticle corresponding to the (111) spacing of Cu (2.1 Å) and the (111) spacing of Cu2O (2.5 Å). The two spacings are seen to be directly related to each other with parallel epitaxy between the Cu and Cu 2 O fcc crystal structures. The relationship between the Cu/Cu 2 O has a {111}//{111} crystallographic relationship across all particles, even though there is an 18% lattice expansion between the two phases ( Figure 5A ). The FFT of the image indicated that it had a 2.5° rotation between the Cu and Cu 2 O planes ( Figure 5B ), which is consistent with the average of 10 Cu/Cu 2 O interfaces showing rotations of 2.5 ± 1.5° between the two planes. The Cu{111}//Cu 2 O{111} relationship was seen to be constant across all oxidized ( Figure  S13 ) and reduced ( Figure S14 ) particles. Line profiles were carried out on either side of the interface to understand the lattice matching relationship between the Cu and Cu 2 O. Figure   5C shows a particle with an interface length of ∼6 nm, with a relationship between the Cu and Cu2O of 7 (111) planes of Cu matched to 6 (111) planes of Cu2O, indicating that the interface had a 7×6 lattice matching relationship ( Figure 5D ). For the particle during reduction with an interface of ∼14 nm ( Figure   5E ), a 6×5 lattice matching relationship was seen to be dominant, with units of the 7×6 interface near the center of the particle ( Figure 5G ). In additional particles during oxidation, the 7×6 behavior was seen in interfaces of ∼6 nm, and in reduction with a larger interface the 6×5 relationship was seen ( Figure S15) .
A simulation of the interface was carried out in QSTEM ( Figure 5G ) by matching the Cu and Cu 2 O model ( Figure 5H Figure 5G , annotated with arrows and in the white box), with the aligned copper atoms at the end of each row ( Figure 5H ). The oxygen atoms were seen to be aligned between the layers in the interstitial tetrahedral sites ( Figure 5H ). The HAADF-STEM images seen in Figure 5A ,C,E would be tilted away from the ideal zone axis, as only the (111) planes are visible. This is consistent with models carried out at increased tilt angles ( Figure S16) . These results illustrate the sensitivity of image contrast, especially at the inter-phase interface, to the small angles of specimen tilt misalignment of nanoparticles in the microscope. As a consequence, the images of even sharp interfaces will inevitably appear in images to be more diffuse than is actually the case.
The difference between atomic structures of the Cu and Cu2O is that the Cu2O has oxygen atoms in the interstitial tetrahedral sites ( Figure S17 ). The oxygen atoms essentially are positioned between the {111} planes of copper. This relationship between the atoms indicates why the relationship between the Cu and Cu2O is observed to be Cu{111}// Cu2O{111}, as the oxygen could pack into the interstitial tetrahedral sites, causing a lattice expansion, while retaining the underlying fcc crystal structure with the inclusion of oxygen. In the [110] zone axis, where the (111) planes can be resolved, the oxygen is seen to be off-axis to the copper planes, and thus this would not contribute directly to the Z contrast of the atomic columns ( Figure S17 ), leading to the reduction in contrast with oxidation.
Cu{111}//Cu2O{111} is a common relationship between the two phases in the literature. 1, 42 Previous studies have shown that a 7×6 misfit provides the minimum coincidence misfit of 1.22%. 21, 43 The 7×6 relationship represents 3 times the O−O distance in Cu 2 O (111) to 7 times the Cu−Cu distance. 44 The slight orientation difference between the two phases is similar, but smaller than the ∼7% change in orientation reported by Milne and Howie in copper oxide islands grown on thin films. 17 The 7×6 relationship and the rotation of ∼2.5° between the two phases would reduce the strain between the mismatched phases causing the Cu/Cu 2 O particles to be stable during oxidation and allowing the stable Cu{111}//Cu 2 O{111} relationship to exist. The 6×5 relationship has also been widely reported 18, 45, 46 and has a misfit of 2.02% in the opposite Journal of the American Chemical Society Article direction. The combination of the two lattice matching types would have the minimum possible strain on the interface. In this study on nanoparticles, the dominant relationship in the smaller nanoparticles (∼6 nm) was the 7×6 mismatch, while a mixed phase was observed of 7×6 and 6×5 in the larger particles during reduction.
In previous studies with thin films, it is reported that, when the Cu surface is exposed to oxygen, a rearrangement occurs into a Cu−O surface. 1, 15, 47 The oxygen then dissociates and can diffuse along the surface, evaporate, or form a nucleus. 1,15 Once a nucleus is formed, oxygen preferentially diffuses to the nucleus, and the oxygen concentration around the nucleus creates a zone of capture. 1, 15 The oxidation then progresses with either the copper diffusing out toward the oxygen layer, or the oxygen diffusing into the structure. 15 Previous reports showed that the oxygen creates Cu + cations that readily diffuse instead of the oxygen diffusing. 48, 49 The oxidation then occurs by a layer-by-layer approach. 14, 49 In this study, we have shown the formation of a single oxide nucleus, in the observed particles, which grows as the particles are oxidized. The oxidation occurs at the interface, indicating that the copper or oxygen diffuses preferentially instead of creating new oxide nuclei on the surface. This is in agreement with thin-film studies, where the oxidation occurs preferentially at nucleation sites instead of creating new oxide nuclei. 1, 15 For the reduction of Cu 2 O, the reduction occurs in a similar manner to the oxidation. Literature reports that the reduction occurs via hydrogen embedding into the oxide lattice, weakening the Cu−O bond, which would then form Cu−OH bonds and further catalyze the removal of oxygen. 50 Previous reports show that the reduction of copper oxide films occurs at the surface and progressively moves into the thin film. 51 In situ studies of copper oxide powders have indicated that the reduction occurs by forming islands of Cu and the reaction progresses at the interface between the copper and its oxide. 50 Our results from nanoparticles are in agreement with the earlier thin-film studies, 50,51 and we show that, once an initial nucleus is formed, the reduction occurs preferentially at the interface between the Cu2O and Cu.
In the case of copper nanoparticles, it is shown that the oxidation and reduction occurs from an initial nucleation event of either the metal or the oxide, and the reaction kinetics is then interface mediated. The two phases are crystallographically related in the oxidation and the reduction, and the strain of the lattice mismatch is minimized by adopting a 7×6, 6×5, or mixed 7×6 and 6×5 relationship between the two phases.
 CONCLUSIONS
In conclusion, the introduction of atomic-resolution HAADF-ESTEM allowed the initial stages of the processes to be studied during the oxidation of Cu nanoparticles and reduction of Cu 2 O nanoparticles. The oxidation of Cu to Cu 2 O occurred by the nucleation of Cu 2 O from one point on each Cu nanoparticle, with the oxidation front moving unidirectionally across the nanoparticle with time. The same oxidation mechanism could be seen from 300 to 500 °C and at 2, 5, and 10 Pa pressure, and it was consistent with ex situ measurements. The reaction was reversible in hydrogen and occurred in a similar way, although the wetting angle between the copper and its oxide was much lower, creating a protrusion off the particle to minimize the interface size, with island formation occurring at 300 °C in hydrogen. The wetting angle was increased at higher temperatures (400 and 500 °C) during the reduction, minimizing the extent of protrusion of the copper phase. The in situ observations of the faster oxidation of copper metal and the slower reduction of the oxide show that the two processes are asymmetrical. The interface between the Cu and Cu2O was observed to have a Cu{111}//Cu2O{111} relationship with either the 7×6 or 6×5 lattice matching relationships, or a mixture of the two. These results demonstrate the value of using atomic-resolution in situ HAADF-ESTEM to follow the oxidation and reduction fronts by the changes in Z contrast during reaction in gas environments and at high temperatures. Figure S6 . Pressure dependence of the initial oxidation stage, with the time of oxidation being shown for ~40 nm nanoparticles at the time when the particle no longer had any of the metallic copper still visible (the right hand image for each point). The red dashed line is a guide added to illustrate the exponential relationship between the points in A), and along the linear relationship vs reciprocal pressure in B). Figure S7 . In situ oxidation of copper nanoparticles at 10 Pa oxygen pressure at 300°C. It should be noted that the initial oxidation occurs within 5 minutes and thus is not seen in this series. Figure S12 . A reduction series started with the copper that had been oxidized at 10 Pa oxygen at 300°C for 200 minutes, which is then reduced for 240 minutes in 2 Pa hydrogen at 400°C, and then oxidized in 5 Pa oxygen at 300°C for 30 minutes. The red arrows show the direction of reduction, and the blue arrows are the direction of oxidation. 
